We have purified uH2A (A24) and reconstituted it, in place of H2A, into high molecular weight nucleohistone containing the core histones and DNA. uH2A-containing core particles were then prepared by nuclease digestion and studies on these particles were carried out. We show that two uH2A molecules can be accommodated within a core particle. We also show that the presence of two uH2A molecules in a core particle does not alter significantly either the pattern or the rate of DNase I digestion as compared to both reconstituted and native core particles. Finally, we show that HMG proteins 14 and 17 can bind to uH2A-containing core particles. We conclude that uH2A has little influence on structure at the level of individual nucleosomes.
INTRODUCTION
Chromatin consists of tandemly arranged subunits called nucleosomes. The underlying structure of the nucleosome is the "core particle" which consists of a histone octamer [(H2A,H2B,H3,H4)2] surrounded by 146 base pairs of DNA. The histones are highly conserved proteins; however, numerous variant 2 and modified forms of the histones exist. A current challenge is to determine how such changes in the histones affect chromatin structure and function. One modification of H2A involves the covalent attachment of an entire nonhistone protein (ubiquitin) to H2A at lysine 119.
This modified form of H2A was first reported by Ballal et al and was named A24 prior to the determination of its composition. West and Bonner have recently renamed it uH2A to represent its component parts and to emphasize that it is a modified histone.
The association of uH2A with chromatin is not static. Rather the levels of uH2A can vary substantially, often in correlation with changes in chromatin structure as well as changes in the level of gene activity. For example, uH2A levels have been shown to change in the nucleoli of hypertrophic rat liver 5 9 cells, prior to mitosis of Chinese hamster cells, and during erythroporesis in chicken red blood cells.
Because of certain correlations between levels of uH2A and transcriptional activity, i t has been postulated that uH2A may be important in the regulation of gene activity. It has been known for some time that uH2A is an integral component of the 7 8 nucleosome core in which it replaces H2A. ' We were interested in determining whether the presence of uH2A in place of H2A causes alterations in the structure of the nucleosome. Less than 10% of the nucleosomes in chromatin contain uH2A. Therefore, to approach this problem we have purified uH2A and used it to reconstitute, in vitro, a homogeneous population of "u-nucleosomes" from which we prepared "u-core particles" for our studies. By the criteria of reconstitution efficiency, micrococcal nuclease digestion, DNase I digestion, and HMG proteins 14 and 17 binding, we found that u-core particles are equivalent to bulk native core particles.
MATERIALS AND METHODS
Purification of UH2A and the Core Histories. Initial fractionation of 12 histone from calf thymus nuclei was accomplished by the procedure of Johns. Nuclei were homogenized in a 3:1 ethanol:H 2 0 mixture containing 10% guanidine-HC1 to give a guanidine-HCl soluble fraction containing H2A, uH2A, H3, and H4 as well as a guanidine-HCl insoluble fraction containing DNA, HI, H2B, H3, and nonhistone proteins. The guanidine-HCl soluble fraction was made 0.2 N in HC1, and then 1.75 volumes of acetone were added, to give an acetone soluble fraction containing H4 and an acetone insoluble fraction containing H2A, uH2A, and H3.
To purify uH2A, the acetone insoluble fraction was passed over a Sephadex G-100 column (5 cm x 150 cm) in 2 M acetic acid, and small aliquots of the column fractions were analyzed by electrophoresis on 18% polyacrylamide NaDodSO^ gels.
Appropriate fractions were pooled, lyophilized, rechromatographed one to two additional times on G-100, and then passed over a Bio-Gel P-30 column (2.3 cm x 90 cm) in 10 mM HC1, 10 mM B-mercaptoethanol, 0.2% azide. After analysis, appropriate fractions were pooled and made 0.4 N in H2SO4. The protein was precipitated by addition of four volumes of acetone.
H2A for reconstitution was subjected to all the same purification steps as the uH2A. H3 was purified by passage over P-30 as described for uH2A. H4 was separated from minor contaminants in the acetone soluble fraction similarly. For H2B purification, the guanidine-HCl insoluble fraction was homogenized in H 2 0 and the DNA was removed by precipitation with 0.4 N HgSO^. HI and some other proteins were then removed by extraction with 5Z HCIO4 and the H2B was isolated from the redissolved HC10 4 precipitate by P-30 chroma-tography as described above.
Reaonstitution Procedure. Approximately equimolar amounts of purified core histones, with or without uH2A in place of H2A, were combined, brought to pH 7 using Na^PO,, and made 10% in B-mercaptoethanol. After incubation at 37°C under N2 for 24 hours, solid urea was added to give a final concentration of 7 M, and the sample was incubated for an additional hour. The samples were mixed with appropriate solutions to give 1.0 mg/ml histone in 2 M NaCl, 5 M urea, and were then added to an equal volume of 1.1 mg/ml sonicated calf thymus DNA (500-2000 base pairs in length) in 2 M NaCl. Reassociation of histone with the DNA was accomplished using the salt gradient dialysis proce-14 dure of Camerini-Otero, et al.
All dialysis steps for removal of NaCl were at least 3 hours. The final dialysis buffer was 50 mM NaCl, 1 mM Tris, pH 8. Gels were stained using 2 pg/ml ethidium bromide.
RESULTS

Preparation of Core Particles Containing Two uH2A
Molecules. uH2A and the individual core histones were purified as described in Materials and Methods (see Fig. 1 ). Reconstitution of nucleohistone was carried out using H2B, H3, H4 and an equimolar amount of either H2A or uH2A as described. Figure 2 shows the components of the core particles obtained from the reconstituted nucleohistone after micrococcal nuclease digestion and sucrose gradient purification.
Lane 1 of Figure 2A illustrates that all core histones are present in equimolar amounts in the reconstituted core particles. When uH2A instead of H2A is used for reconstitution of core particles (u-core particles), the uH2A is present also in amounts comparable to the other core histones (Fig. 2A,  lane 3) . Therefore, a population of core particles containing two uH2A molecules has been generated. DNase I Digestion. To probe further the conformation of the u-core particle we chose to use DNase I. Changes in the pattern and rate of digestion by DNase I generally are assumed to reflect changes in nucleosome structure. 19 '
24
Reconstituted core and u-core particles labeled at the DNA 5 1 ends with 32 P were digested with increasing amounts of DNase I. Lanes la-4a of Figure   3 show the partial DNase I digestion patterns of the reconstituted (H2A) core particles. The pattern generated is essentially the same as that found 
DISCUSSION
When we initiated these studies, we fully expected that the covalent attachment of two ubiquitin molecules to a core particle, in the form of uH2A, would give rise to an effect at the nucleosomal level that could be assayed. However, interaction of at least four proteins [micrococcal nuclease, DNase I, HMG proteins 14 and 17 (our results), HI (ref. 18 )] with the nucleosome core is apparently unaffected by attached ubiquitin. Our results suggest that uH2A does not have a conformational effect at the mononucleosomal level. This is consistent with proposals that uH2A is 7 9 important principally at some supranucleosomal level. ' However, whether attachment of ubiquitin to a nucleosome affects higher order packing or whether it serves another function, perhaps as some sort of signal in chromatin, remains an open and intriguing question.
